The recent article by Welch et al. 1 in the Journal showed clearly that since the adoption of widespread screening mammography, small breast cancers have increased in incidence over three times more than large cancers have decreased. This implies that many small cancers are not destined to progress to large cancers; instead, their detection results in overdiagnosis. The purpose of our study was to characterize groups of tumors that are likely to contain a large portion of overdiagnosed cancers and to explain the mechanism that may have led to their overdiagnosis.
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Me thods
Invasive breast cancers that were diagnosed in 2001-2013 were identified from the Surveillance, Epidemiology, and End Results (SEER) database. 2 They were divided into three prognostic groups based on biologic factors: grade, estrogen-receptor (ER) status, and progesterone-receptor (PR) status. There were 12 combinations of these variables, each with a distinct prognosis. The four groups with the worst survival were grade 2 ER-negative and PR-negative, grade 3 ER-negative and PR-negative, grade 3 ER-positive and PRnegative, and grade 3 ER-negative and PR-positive; these were categorized as biologically unfavorable. The groups with the best survival were grade 1 ER-positive and PR-positive, grade 1 ER-positive and PR-negative, and grade 1 ERnegative and PR-positive; these were characterized as biologically favorable. All other groups were considered to be intermediate. The distribution of these three groups across tumor size was determined. We also examined the associations of tumor size and biologic features with breast cancer-specific survival. Additional information regarding histologic features, lymph-node metastases, and distant metastases in these groups is provided in the Supplementary Appendix, available with the full text of this article at NEJM.org. We adopted the approach by Etzioni et al. 3 to evaluate the mean lead time (the length of time between when a cancer can be detected by screening and when it would have become clinically apparent without screening) across the three prognostic groups. We first applied the estimate of Welch et al. 1 that the overall rate of overdiagnosis for invasive tumors was 22%. We assumed that the favorable group had the highest rate of overdiagnosis and that the unfavorable group had the lowest rate of overdiagnosis. We varied these rates through plausible ranges. We then generated three virtual populations of women with age distributions as our three prognostic groups. For each group, we simulated life expectancies and lead times with a specified mean. The fraction of women with a life expectancy less than the lead time represented the percent of overdiagnosis. We assumed that the lead time followed an exponential distribution, and we used Weibull distributions with more and less extreme lead times as sensitivity analyses (see the Supplementary Appendix). We varied the mean lead time to find the value that yielded the percentage of overdiagnosis. Similar to Etzioni et al., 3 we also accounted for the observation that women who received screening were healthier than the general population, with a hazard ratio for death equal to 0.75. Figure 1 shows the distribution of tumors according to biologic category for each tumor size. Among women 40 years of age or older, tumors with favorable biologic features made up 38.2% of the tumors that were 1 cm or less in the greatest dimension, and this steadily decreased to only 9.0% of the tumors greater than 5 cm, whereas tumors with unfavorable biologic features made up only 14.1% of the tumors 1 cm or less and increased to 35.8% of the tumors greater than 5 cm. For women younger than 40 years of age, the findings were similar, but the favorable tumors were only about half as common and the unfavorable tumors were much more common. A parallel analysis, shown in the Supplementary Appendix, validates these findings with the use of independent data from the National Cancer Database. Figure 2 shows the breast cancer-specific survival among women 40 years of age or older for the favorable and unfavorable groups stratified according to T stage (i.e., T1 tumors from 0.1 to 2.0 cm and T2 tumors from 2.1 to 5.0 cm). Both tumor size and biologic features had a major influence on prognosis, but large tumors with favorable biologic features had a better prognosis than small tumors with unfavorable biologic features. The absolute difference in survival according to tumor size was smaller for biologically favorable tumors and greater for biologically unfavorable tumors. Table 1 shows the results of various models to estimate lead times for the three biologic groups that will still result in an overall rate of overdiagnosis of 22% as proposed by Welch et al. A sensitivity analysis was included to estimate the lead times if the true rate of overdiagnosis were only three quarters or even half of that. Although the estimated lead times in the models varied rather widely, all the models showed that the lead time for the favorable tumors was at least an order of magnitude greater than that of the unfavorable tumors. Figure 3 shows the percentage of overdiagnosis according to age and tumor biologic features for model 2 in Table 1 -that is, the model in which the distribution of overdiagnosis was 53% favorable, 44% intermediate, and 3% unfavorable biologic features. The percentage of overdiagnosis for the entire group was 22% as shown by Welch et al., but under the assumption that the lead time varies according to biologic group but not according to patient age, the model shows clearly that overdiagnosis is less common in young women and increases steadily with age. 
Result s

Unfavorable Intermediate
The results for the other models were similar and are shown in Figures S2 and S3 in the Supplementary Appendix. Figure 1 shows a rather dramatic difference in the distribution of biologic category according to tumor size. Clearly, tumor size depends not just on when the cancer was detected, but also on tumor biologic features. To some extent, tumor size may just be a proxy for good or bad biologic features. If all tumors progressed, even at variable rates, we would expect a steady state to be reached in which there would be a similar distribution of tumor biologic features across size categories. Instead, these data provide fairly direct evidence that many small tumors with favorable biologic features do not progress to large tumors within the lifetime of the patient. In addition, the data imply that large tumors do not arise equally from all small tumors but develop preferentially from a distinct subpopulation of small tumors with unfavorable biologic features. The much larger incidence of favorable tumors in women 40 years of age or older suggests that these tumors are preferentially detected by mammography, because women younger than 40 years of age rarely undergo routine mammographic screening.
Discussion
The survival curves shown in Figure 2 allow us to derive some general principles about the interrelationship between tumor size and tumor biologic features. Both tumor size and biologic features influence prognosis, but frequently a large favorable tumor can have a better prognosis than a small unfavorable tumor. In addition, the difference in prognosis according to tumor size is smaller for favorable tumors and greater for unfavorable ones. Although grade and receptor status are rather crude predictors of biologic features as compared with molecular assays such as Oncotype DX or MammaPrint, it appears that the same relationships will apply. In the recently published Trial Assigning Individualized Options for Treatment (TAILORx), 4 the most favorable 16% of patients as assessed by the Oncotype DX assay had a similarly excellent prognosis regardless of whether their tumor was greater than or no more than 2 cm in the greatest dimension. The results of this trial for tumors with unfavorable biologic features have not yet been reported, but we predict that the outcome for unfavorable tumors will differ significantly according to tumor size.
These observations regarding tumor biologic features highlight the need for modeling efforts to incorporate multiple lead times. Etzioni et al. 3 provide a functional definition of overdiagnosis as that which occurs when the time to death from a cause other than cancer is less than the lead time. In other words, it does not matter if the tumor would eventually progress, but whether it would progress within the lifetime of the patient. Therefore, if life expectancy and either lead time or the rate of overdiagnosis is known, the other can be calculated. Etzioni et al. used an estimated mean lead time of 40 months for invasive breast cancers, which was derived from previous studies, and calculated that the rate of overdiagnosis was approximately 7%. However, using a single mean lead time may overlook the effects of tumor biologic features on lead time and overdiagnosis.
We used the same relationship and a known rate of overdiagnosis to estimate the lead time for each of the three biologic groups. There is no evidence that unfavorable tumors do not progress, so the only overdiagnosis for that group is due to death in the short term from unrelated causes (only 1 or 2% of deaths). This results in short lead times and is compatible with the clinical observation that high-grade and triple- The relationships shown in Figure 1 and Figure 2 explain both why screening mammography causes considerable overdiagnosis and also why its effectiveness is limited. Because of the long lead times, mammography is very good at detecting tumors with favorable biologic features, and therefore these tumors are overrepresented among small tumors. However, many of them do not progress within the patient's lifetime; therefore, they contribute substantially to overdiagnosis. Furthermore, the ones that do progress still have an excellent prognosis even when they become large, so there is little benefit to detecting them early. In contrast, the prognosis for the tumors with unfavorable biologic features is considerably better if they can be diagnosed when under 2 cm in size. Unfortunately, because of the short lead times, they are rarely diagnosed early and therefore are substantially underrepresented among small tumors.
There are several caveats that should be mentioned regarding this analysis. First, we considered only invasive cancers. Noninvasive cancers are not just small cancers; their biologic features are very different, and the benefits and harms of detection are different as well. They warrant a separate analysis. Second, neither this analysis nor the study by Welch et al. had data regarding which tumors were actually diagnosed by screening mammography; this was just inferred. However, Hayse et al. 8 used an institutional database at Yale University that included the method of detection and showed directly that diagnosis by mammography was associated with low-grade cancers with a favorable molecular profile. Similarly, a study involving patients enrolled in the MINDACT (Microarray in Node-Negative and 1 to 3 Positive Lymph Node Disease May Avoid Chemotherapy) trial showed that mammography resulted in tumors diagnosed with favorable biologic features as assessed by MammaPrint. 9 Third, our analysis assumes that the favorable low-grade, hormone receptor-positive tumors do not dedifferentiate over time to high-grade or receptornegative tumors. This seems consistent with current findings. Although prospective studies do show a discordance in receptor status of 10 to 15% between the primary tumor and subsequent distant metastases, these changes are usually the result of selection pressures on the tumor because of treatment. 10 It is thought that in the primary tumor, low-grade and high-grade tumors arise by different molecular mechanisms, 11 and it is very rare for a low-grade tumor to dedifferentiate into a high-grade tumor. 12 Fourth, it is likely that tumor biologic features represent a continuous variable, and our analysis, similar to those with Oncotype DX recurrence scores, involves dividing the patients into prognostic groups with the use of somewhat arbitrary cut points. We believe that it is useful to appreciate that the mean lead time for our favorable group is 15 to 20 years. However, we certainly could not rule out that there could be subpopulations within our favorable group with shorter lead times and others that do not have disease progression at all or that even have disease regression. Fifth, we did not include human epidermal growth factor receptor 2 (HER2) as one of the This analysis assumes that the tumor lead time varies according to biologic features but not according to age group. The percent overdiagnosis for the entire group combined was 22% as found by Welch et al. 1 In model 2, the distribution of overdiagnosis was 53% favorable, 44% intermediate, and 3% unfavorable biologic features. For similar data for the other models, see Figure S3 in the Supplementary Appendix. Unfavorable Intermediate biologic factors because it has been available in the SEER data set only since 2010 and therefore the available follow-up is short. In the future, prognostic groups might be better defined by incorporating HER2, lymphovascular invasion, histologic features, and molecular assays such as Oncotype DX and MammaPrint.
When survival improves for a group of patients matched according to tumor stage, it is usually ascribed to improved treatment. 1 However, it could also be due to changes in tumor biologic features. Our most favorable group, which quite likely contains a large portion of the overdiagnosed cancers (grade 1 hormone receptor-positive tumors <2 cm), had a 10-year breast cancer-specific survival of 97%. If our estimates are correct, approximately 50% of the cancers in the favorable group in TAILORx may be overdiagnosed. No wonder the survival in this group was so good. The conclusion that these patients do not need chemotherapy represents an important advance to prevent unnecessary treatment.
The data shown in Figure 3 illustrate that overdiagnosis is much more prevalent in the elderly than in younger persons. This does not mean, however, that all the excess cancers found by Welch et al. were in the elderly. Because of the long lead times, many cancers that were destined to be diagnosed in women in their 70s are now diagnosed in women in their 50s or 60s, but they are not considered overdiagnosed because they would have been diagnosed later. On the other hand, a large proportion of new screening-detected cancers in women in their 70s would not be diagnosed within the patient's lifetime if it were not for the screening. This may have a bearing on recommendations about when to stop mammographic screening.
The good news is that there may be new opportunities to help clinicians manage the problem of overdiagnosis. The eighth edition of the Cancer Staging Manual of the American Joint Committee on Cancer 13 that has just been released has added formalized prognostic groups that include grade and receptor status very similar to those used in this analysis, and it even incorporates some elements of assays such as Oncotype DX and MammaPrint. This means that clinicians will be able to prospectively identify patients with stage, age, and biologic profiles that suggest possible overdiagnosis. Of course, in an individual case it is not yet possible to say with certainty that a cancer is overdiagnosed, so treatment cannot be withheld. However, as outcome data accumulate, trials can be designed to provide less treatment to more favorable groups. Two of the major harms of overdiagnosis are the overtreatment that results and the anxiety and fear that a cancer diagnosis engenders. Educating physicians, patients, and the public that some cancers are indolent and individualizing treatment algorithms to provide "personalized medicine" will aid in addressing this problem.
